Introduction
Heat-shock proteins of molecular weight 47,000 D (hsp47) are widely distributed in many species (1) (2) (3) (4) . Previous studies indicate that the expression of hsp47 is induced even by a mild heat shock, such as incubation at 42°C (2) . Immunocytochemical studies show that this protein is localized exclusively in the endoplasmic reticulum (5). hsp47 can bind in a pH-dependent manner to various types of collagen molecules, including gelatin (1) (2) (3) (4) . In differentiating mouse F9 teratocarcinoma cells, marked expression of hsp47 is induced by treatment with retinoic acid and/or dibutyryl cyclic AMP; the expression of Type VI collagen is also found to be increased (1) . In Balb/ 3T3 cells, immunoprecipitation experiments using anti-hsp47 antibody showed that hsp47 is co-immunoprecipitated with Type I pro-collagen (6), indicating that hsp47 binds to pro-collagen molecules within the endoplasmic reticulum. Therefore, this protein is thought to be implicated in such intracellular events as modification, degradation, and transport of procollagen molecules. Although we have reported on the cell type-specific expression of hsp47 in chicken liver (>), the details of hsp47 tissue distribution have not yet been elucidated, especially with regard to the distribution of collagen-producing cells. In the present study, we examined (a) the amount of hsp47 in different tissues of adult chicken, (b) the distribution of cells containing hsp47 in each tissue, (c) the amount of hsp47 in whole developing chicken embryos, and (d) the localization of hsp47 and Types I and I1 collagen in developing chicken embryos.
Materials and Methods
Reagents and Antibodies. Preparation of rabbit polyclonal antibody against chicken hsp47 was previously described (5). This antibody was affinitypurified using a chicken hsp47-conjugated Sepharose 4B column. Goat polyclonal antibodies against Types I, 11, 111, and IV collagen were purchased from Southern Biotechnology Associates (Birmingham, AL). Affinitypurified, FITC-conjugated goat antibody against rabbit IgG and affhitypurified, FITC-conjugated rabbit antibody against goat IgG were obtained from TAG0 (Burlingame, CA). Affinity-purified horseradish peroxidase (HRP)-conjugated goat antibody against rabbit IgG and HRP-conjugated protein A were purchased from Boehringer Mannheim (Indianapolis, IN).
Preparation of Extracts from Adult and Embryonal Chicken Tis-
sues. Four-week-old chicks were sacrificed by ether anesthesia and tissues were removed. After rinsing in PBS, equal volumes of 100 mM Tris-HC1, pH 7.3, containing 4% (wh) SDS and 20 mM EDTA were added to each tissue and sonicated twice for 10 sec. on ice. The samples were then centrifuged at 12,000 x g for 10 min in a microcentrifuge. Protein concentration of the supernatants was determined using Lowry's method (7).
The developmental stage of the embryos was determined according to the standard of Hamburger and Hamilton (8). Whole embryo was used for the preparation of extracts. The procedure was U described above.
Gel Electrophoresis and Wmem Immunoblomng. One-dimensional SDS-PAGE was performed according to the method of Laemmli (9). using 4% sucking and 10% resolving slab gels. Pre-naincd molecular weight mark-CIS (BRL Bcthesda. MD) consisting of myosin heavy chain, phosphorylase A, bovine serum albumin (BSA). ovalbumin, and carbonic anhydnx were used. Wmem immunoblotting was performed as previously described (10). using polyclonal rabbit antibody against chicken hsp47 followed by treatment with HRP-conjugated goat antibody against rabbit IgG (Boehringer Mannheim).
Immunofluorescent Microscopy. Tissues of 4-week-old chickens were cut into small pieces (3-5-mm chick), and fixed in 3.7% formaldehyde solution neutralized with calcium carbonate in 0.1 M sodium phosphate buffer. pH 6.8. for 1 hr with gentle shaking at room temperature. Heads and necks of embryos of wious staga were fixed similarly. The fned tissues were rinxd overnight at 4'C in PBS containing 2% glycine. They were frozen in OCT compound (Miles Scientific: Naperville. IL) on petroleum ether-dry ice.
Cryostat sections (6-8 pm) were cut. To detect Type I and Type I1 collagen.
the tissue sections were incubated with 0.25% trypsin (Gibco. Grand Island, NY) containing 10 mM E M A for 2 min. fixed again in formaldehyde solution for 5 min. and rinsed thrice in PBS for 5 min each at room temperature. Nonspecific binding sites of antibodies were blocked with either 10% non-immune goat serum or 10% non-immune rabbit serum in PBS. The tissue sections were incubated with anti-hsp47 antibody diluted to 5 pglml in 10% non-immune goat serum. or with antibody against Type I. 11. 111. or IV collagen diluted to 10 pglml in 10% rabbit serum, for 30 min at room temperature. After rinsing thrice in PBS for 3 min each. the sections were incubated with FITC-conjugated secondary antibody against rabbit IgG or goat IgG in PBS containing 10% non-immune goat or rabbit serum. Finally, the sections were rinsed in PBS and mounted in mounting media (Permafluor aqueous mounting medium for fluorescence microscopy; Lipshaw. Detroit. MI). lmmunolabeled tissue sections were observed in a fluorescence microscope (Olympus). Photographs wen taken using Kodak Tri-X pan film (Eastman Kodak: Rochester. NY).
Immunoelecaon Microscopy. L~K K of4-wcek-old chickens were cut into small pieces (3-5-mm thick) and fixed in 3.7% formaldehyde. 0.02% glutaraldehyde in 0.1 M sodium phosphate buffer. pH 6.8. for 30 min at 4'C with gentle shaking. The fixed tissues were rinsed overnight at 4'C in PBS containing 2% glycine. Then the tissues were treated with 10% sucrose in PBS. followed by 20% sucrox in PBS for 2 hr at 4'C. The frozen tissues embedded in OCTcompound were cut into 10-15-pm sections. After treatment with 5% BSA for 1 hr. the sections were incubated overnight at 4'C with antibody against chicken hsp47 diluted in 1% BSA. After rinsing with PBS containing 10% sucrox. the sections were incubated with HRP-conjugated protein A diluted 1:20 in 1% BSA for 6 hr at 4'C. Then the sections were fixed again with 1% glutaraldehyde in PBS for 30 min on ice. and post-fixed with 2% os04 for 1 hr on ice. After sequential dehydration with ethanol. the sectionswere embedded in cpon resin. Ulrathin sections were cut with an ultramicrotome (LKB). The ultra-thin sections were observed without mining under a Hitachi H6OO electron microscope.
Amounts of hsp47 in Various Tissues
The relative amounts of hsp47 in various tissues were assessed by Western immunoblotting (Figure 1) . A major band of molecular size 47 KD, corresponding to hsp47. was detected with differing intensity in all tissues examined, and faint bands of lawer molecu- were observed in immunoblots of some tissues. The intensity of the band in each immunoblot seemed to indicate the content of hsp47 in each tissue, which differed considerably among the tissues. In adult chicken. skin, gizzard, skeletal muscle, and intestine contained amounts of hsp47 as great as those seen in chicken cmbryo fibroblasts (CEF), and kidney and heart contained a considerable amount of hsp47. However, the amounts of hsp47 in brain, liver. and lung were significantly less.
Immunohistochemical Localization of hsp47 in Chicken Tissues
Cryostat sections from various chicken tissues were examined by the indirect immunofluorescence method to determine the localization of hsp47 in vivo. as well as localization of various types of collagen. Figure 2 shows the distribution of the cells containing hsp47 in skin of a 4-week-old chicken. Fibrocytes in dermis were brightly stained, and basal cells in epidermis were also stained to a l m r extent (Figures 2a and 2b ). The superficial cells in epidermis, however. were not stained at all (Figure 2e ). Smooth muscle cells and endothelial cells in blood vessels were also stained (Figures 2c   and 2d ). The staining of hsp47 in such cells was located only in the cytoplasm. In dermis and blood vessel. both Type I and Type I11 collagen were highly enriched to form extracellular matrices (data not shown).
In gizzard, fibrocytes in interstitial fibrous sheets that wrap smooth muscle bundlcsshowed bright staining for hsp47. In addition, the smooth muscle cells that align parallel to the fibrous sheets were also weakly stained (Figure 3a ). Immunoreactivity against Type I collagen was prominent only in the fibrous sheets ( Figure 3b ). In contrast, Type 111 collagen was localized not in the fibrous sheets but in the smooth muscle cells, although the staining was weak (Figure 3c ). In trachea, the staining for hsp47 was detected both in fibrocytes in perichondrium and in chondrgrtes in cartilage (Figure 3d) . The perichondrium showed high immunoreactivity against Type I collagen, whereas Type I1 collagen was located in the cartilage matrii (Figures 3e and 3f ). In glomeruli of kidney, epithelial cells andlor endothelial cells seemed to contain hsp47. It was not determined which cells were stained with anti-hsp47 antibody, since the epithelial cells were indistinguishable from the endothelial cells in the cryosections. The epithelial cells of Bowman's capsule were also brightly stained. The epithelial cells in the urinary tubules had a small amount of hsp47, although the immunofluorescent image did not show marked staining (Figure 3g ). Figures 3h and   3i show the distribution of Type I11 and Type IV collagen in kidney, respectively.
In liver, fibrocytes, smooth muscle cells around arteries, and bile ducts in the portal area expressed large amounts of hsp47. as did some sinusoidal cells (Figure 4a ). To determine which types of sinusoidal cells were labeled for hsp47, the distribution of hsp47 in liver was examined by immunoelectron microscopy. Figure 4b shows that hsp47 was detected in the dilated lumen of endoplasmic reticulum of the cells located in Disse's lumen, which sometimes contained lipid granules; these cells were found to be Ito's cells. 
Amounts of hsp47 in Developing Chichen Embryo
The relative amounts of hsp47 in whole chicken embryos (Stage 28,31,33,35. and 36, corresponding to 6to 10-day-old embryos) were assessed by Western immunoblotting (Figure 5) . A major band of molecular size 47 KD was detected in all stages. The intensity of the band seemed to increase gradually as the stage of embryonal development progressed.
Immunohistochemical Detection of hsp47 in Developing Chichen Embryo
The expression of hsp47, as well as that of Types I and I1 collagen, lady fixed, embedded. and cut into cryostat sections. Semi-serial sections of each stage were stained for hsp47. Type I collagen. and type I1 collagen (Figure 6) .
In the cervical area of embryos in Stage 25 to 28, hsp47-positive cells were widely distributed in the arcas corresponding to developing cartilage. skeletal muscle, and connective tissue. although hsp47 expression was not very high (data not shown). Types I and I1 collagen were barely detectable in these stages. In Stage 31. hsp47 was easily detected in the differentiating chondrocytcs in primordial vertcbrum. whereas a small amount of Type I1 collagen was dcposited in the intercellular space in the vertebral area. In addition, the expression of hsp47 was also detected in notochordal cells developing to bone marrow stroma. In this stage. Type I collagen was also detected in the notochord. Until Stage 33 of development. both the number of hsp47-rich cells and the intensity of the staining in each cell increased in the vertebrum. in contrast to a low deposition of Type I1 collagen. A high expression of hsp47 in the periosteal cells was detected which corresponded to the deposition of type I collagen in the periosteal tissue. In the spinal cord, the cells lining the central canal showcd high immunoreactivity for hsp47. In Stage 35 the staining for hsp47 in the periosteal cells became very prominent. In this stage. meninges surrounding the spinal cord are formed. and hsp47 was expressed in the meningeal fibroblasts. In this area Type I collagen was also deposited in large amounts, and collagenous fibers were formed. Each chondrocyte of the vertebrum expressed much greater amounts of hsp47 than in earlier stages. prominent amounts of Type I1 collagen were also deposited to form the vertebral matrix.
The expression of hsp47 in the cells of developing eye (from Stage 31 to 36) was similarly examined in relation to the deposition of Type I and Type I1 collagen in the extracellular space (Fig  ure 7) . Frozen sections of the whole eye near the papilla were cut in a horizontal plane. The sclera of chicken cye wall contains a characteristic cartilaginous plate which is usually formed by Stage 36 of development. In Stage 31. hsp47 was already expressed in the cells of periocular connective tissue and sclera. in which the dcveloping cartilaginous layer was easily distinguished from the internal and external perichondrial layers because of a chondroblastic appearance of the cells. with abundant cytoplasm and the deposition of considerable amounts of intercellular matrix. The bright staining for hsp47 was detected in such chondroblastic cells. In this stage. however, Type I1 collagen was barely detected in the cartilaginous layer. In Stage 33 the chondroblastic cells in cartilaginous sclera cxprcssed large amounts of hsp47 in the cytoplasm. whereas a very small amount of Type I1 collagen was deposited in this layer. In Stage 35 the cells in this layer exhibited the oval appearance of chondrocytes. with more abundant cytoplasm. and larger amounts of cartilaginous matrix were deposited in the intcrccllutar space. These chondrocytcs contained much more hsp47, while large amounts of Type I1 collagen were detected in the cartilaginous matrix. In Stage 36, both hsp47 in chondrocytes and Type I1 collagen in cartilaginous matrix increased in amount as the thickness of the cartilaginous layer also increased.
On the other hand, both internal and external perichondria of sclera conrained a large number of hsp47-rich cells. Periocular connective tissue also contained hsp47-positive cells. although the amounts of hsp47 and the cell density were relatively lower than in cartilaginous layer and perichondria during these stages. In Stage 31, Type I collagen was barely detected. In Stage 33, bundles of Type I collagen fibers were formed in perichondrial layers of sclera and fine fibrils of Type I collagen were found in periocular connective tissue. In Stage 35 to 36 these bundles became prominent. especially in the external perichondrium.
Discussion
Immunoblotting experiments indicated that the content of hsp47 was considerably different in a variety of tissues. Tissues such as skin, gizzard, skeletal muscle. and intestine. which have relatively large amounts of connective tissue and/or smooth muscle. contained large amounts of hsp47 as well as CEE Conversely, the content of hsp47 was much lower in tissues such as liver or brain. Connective tissue contains many fibroblasts that produce large amounts of Type I and 111 collagen, and smooth muscle cells also produce Type 111 collagen. Therefore, the hsp47 content seems to depend on the abundance of connective tissue and/or smooth muscle cells in the tissues.
Immunohistochemical studies using affinity-purified antibody against hsp47 showed that hsp47 is located in cells that produce various types of collagen. The staining for hsp47 was extremely high in fibrocytes and fibroblasts in dermis, connective tissue surrounding smooth muscle bundles of gizzard, perichondrium, portal area of liver, and capsules of various organs. These fibrocytes and fibroblasts in connective tissues secrete mainly Type I collagen. Chondrocytes in cartilage and smooth muscle cells in gizzard, intestine, blood vessels, and bile ducts were also found to produce hsp47. The former produce Type I1 collagen and the latter produce Type 111 collagen. Ito's cells (vitamin A storage cells) in liver, which are known to produce Type 111 collagen (11-14). also contained hsp47. Glomerular epithelial cells and/or endothelial cells were strongly stained for hsp47. Epithelial cells in urinary tubules and basal cells of epidermis also expressed hsp47, although the expression was weak.
These cells are thought to produce Type IV collagen of the basement membrane. On the other hand, hsp47 was not detected in blood cells, nerve cells, or hepatocytes, all of which produce little or no collagen. Therefore, all cells producing a variety of collagen molecules are considered to express hsp47.
In the immunoblotting experiments on developing embryos, although the expression of hsp47 was detected even in the earliest stage examined its amount seems to increase gradually with progression of stages, indicating that the expression is gradually increased as embryogenesis progresses. In the immunohistochemical studies, primitive mesenchymal cells in the early-stage embryos contained a considerable amount of hsp47 before the deposition of collagen fibers in the intercellular space. Although the production of collagen molecules in these cells was not directly demonstrated, it is likely that these cells can produce collagen molecules before collagen is deposited during development. The expression of hsp47 was gradually increased as the deposition of collagen matrix proceeded in the developing embryonal tissues. Furthermore, the distribution of hsp47-containing cells in the tissues was coincident with those areas in which collagen matrix is normally deposited in adult tissues. Thus, the present results show that hsp47 is expressed intracellularly before and during assembly of extracellular collagenous matrices and that, in general, the more collagen in tissue, the more hsp47.
Previous biochemical studies have shown that hsp47 does indeed bind to collagen and pro-collagen molecules (1-3) . The present immunohistochemical study supports the biological significance of this binding. Since hsp47 has been found to be a resident pro-tein in the endoplasmic reticulum ( 5 ) , this protein should bind to pro-collagen molecules and function within the organelle. Therefore, the possibility that this protein might be implicated in modification, degradation, or transportation of pro-collagen molecules should be investigated in the future.
